It has been proposed that the transcriptional regulation of secondary wall biosynthesis in Arabidopsis is controlled by a transcriptional network mediated by SND1 and its close homologs. Uncovering all the transcription factors and deciphering their interrelationships in the network are essential for our understanding of the molecular mechanisms underlying the transcriptional regulation of biosynthesis of secondary walls, the major constituent of wood and fi bers. Here, we present functional evidence that the MYB83 transcription factor is another molecular switch in the SND1-mediated transcriptional network regulating secondary wall biosynthesis. MYB83 is specifi cally expressed in fi bers and vessels where secondary wall thickening occurs. Its expression is directly activated by SND1 and its close homologs, including NST1, NST2, VND6 and VND7, indicating that MYB83 is their direct target. MYB83 overexpression is able to activate a number of the biosynthetic genes of cellulose, xylan and lignin and concomitantly induce ectopic secondary wall deposition. In addition, its overexpression upregulates the expression of several transcription factors involved in regulation of secondary wall biosynthesis. Dominant repression of MYB83 functions or simultaneous RNAi inhibition of MYB83 and MYB46 results in a reduction in secondary wall thickening in fi bers and vessels and a deformation of vessels. Furthermore, double T-DNA knockout mutations of MYB83 and MYB46 cause a lack of secondary walls in vessels and an arrest in plant growth. Together, these results demonstrate that MYB83 and MYB46, both of which are SND1 direct targets, function redundantly in the transcriptional regulatory cascade leading to secondary wall formation in fi bers and vessels.
Introduction
Secondary cell walls account for the bulk of biomass produced by land plants. They are the major component of wood and fi bers, which have been widely used by humans for energy, lumber, pulping and paper-making, and textiles. With the dwindling of the non-renewable fossil fuels, there is an urgent need to fi nd alternative fuels to sustain our energy consumption. Plant lignocellulosic biomass has been considered to be an important renewable and environmentally friendly source of bioenergy ( Ohlrogge et al. 2009 ). To genetically modify the quantity and quality of wood and fi bers for their better utilization, it is imperative to uncover the molecular mechanisms underlying the regulation of secondary wall biosynthesis.
Secondary wall formation is a developmentally regulated process occurring in some specialized cell types, such as tracheary elements and fi bers. Secondary walls, which are deposited next to the primary wall after the cessation of cell elongation, are mainly composed of cellulose, hemicellulose (xylan and glucomannan) and lignin. Although little is known about the developmental signals and the subsequent signal transduction pathways leading to the formation of secondary walls, recent molecular and genetic studies of secondary wall biosynthesis in Arabidopsis have provided important insights into the mechanisms underlying the transcriptional regulation of secondary wall biosynthesis. It has been proposed that a transcriptional network encompassing a cascade of transcription factors is involved in the coordinated regulation of secondary wall biosynthesis in fi bers and vessels ( Zhong and Ye 2007 ) . A group of closely related NAC domain transcription factors, SND1 (also called NST3/ANAC012), NST1, NST2, VND6 and VND7, function at the top of this network to activate the entire secondary wall biosynthetic program ( Kubo et al. 2005 , Mitsuda et al. 2005 , Mitsuda et al. 2007 , Zhong et al. 2007b Yamaguchi et al. 2008 ). These secondary wallassociated NACs have been shown to regulate a battery of downstream transcription factors, which in turn activate the biosynthetic genes for secondary wall deposition ( Zhong et al. 2008 ) . Among the SND1-regulated transcription factors, MYB46, SND3, MYB103 and KNAT7 have been demonstrated to be direct targets of SND1 and its close homologs, including NST1, NST2, VND6 and VND7. These SND1 direct targets were shown to be specifi cally expressed in fi bers and vessels and dominant repression of their function led to a reduction in secondary wall thickening, indicating that they are involved in the regulation of secondary wall biosynthesis. In particular, MYB46 functions as another level of molecular switch able to turn on the entire secondary wall biosynthetic program ( Zhong et al. 2007a ) . Currently, it is not known which transcription factors directly activate the biosynthetic pathways of secondary wall cellulose and xylan. Available evidence indicates that members of the MYB and LIM transcription factor families are involved in the regulation of lignin biosynthetic genes ( Kawaoka et al. 2000 , Patzlaff et al. 2003 , Goicoechea et al. 2005 . Among them, MYB58 and MYB63, which are downstream components in the SND1-mediated transcriptional network, have been demonstrated to be direct activators of the lignin biosynthetic pathway in Arabidopsis ( Zhou et al. 2009 ).
Although signifi cant progress has been made in our understanding of the transcriptional regulatory network controlling secondary wall biosynthesis, we are still far from identifying all the players and their interrelationships in the transcriptional network. For example, dominant repression of MYB46 resulted in a reduction in the secondary wall thickening of fi ber cells, but T-DNA knockout of the MYB46 gene did not cause any discernable effects on secondary wall deposition ( Zhong et al. 2007a ). This fi nding indicates that other functionally redundant transcription factors may compensate for the loss of MYB46. In this report, we demonstrate that the MYB83 transcription factor, which is phylogenetically closely related to MYB46, is another important player in the SND1-mediated transcription network regulating secondary wall biosynthesis in fi bers and vessels. The MYB83 gene was found to be specifi cally expressed in cells undergoing secondary wall thickening and directly activated by SND1 and its close homologs. We show that overexpression of MYB83 induces the expression of a number of secondary wall-associated transcription factors and secondary wall biosynthetic genes, and concomitantly results in an ectopic deposition of secondary wall components, including cellulose, xylan and lignin. Dominant repression of MYB83 functions or simultaneous RNAi inhibition of MYB83 and MYB46 was found to cause a reduction in secondary wall thickening in fi bers and vessels. We further demonstrate that double T-DNA knockout mutations of MYB83 and MYB46 leads to a loss of secondary walls in vessels and a concomitant arrest in plant growth. Our results establish that MYB83 functions redundantly with MYB46 in the regulation of secondary wall biosynthesis in Arabidopsis.
Results
The expression of MYB83 is specifi cally associated with secondary wall thickening and is regulated by SND1
We have previously revealed a number of MYB transcription factors as members of the SND1-mediated transcriptional network regulating secondary wall biosynthesis in Arabidopsis ( Zhong et al. 2008 ) . To investigate whether additional Arabidopsis MYBs might be involved in the regulation of secondary wall biosynthesis, we searched for MYB genes that were highly expressed in the infl orescence stems where secondary wall-containing fi bers and vessels are abundant. We found that MYB83 , a previously uncharacterized MYB transcription factor, was expressed preferentially in the infl orescence stems ( Fig. 1A ) . Further expression analyses in laser-microdissected cells ( Fig. 1B ) and in transgenic plants expressing the MYB83 gene-driven β -glucuronidase (GUS) reporter gene ( Fig. 2A-C ) showed that MYB83 was specifically expressed in fi ber and vessel cells that are undergoing secondary wall thickening in stems. It was interesting to fi nd that MYB83 was only expressed in vessels but not in xylary fi bers in the developing secondary xylem of roots ( Fig. 2D ). The expression of MYB83 was found to be upregulated in SND1 overexpressors ( Fig. 1C ) in which ectopic secondary wall deposition occurs , and conversely it was downregulated in plants with simultaneous RNAi inhibition of SND1 and NST1 ( Fig. 1D ) in which secondary wall thickening is blocked in fi ber cells ( Zhong et al. 2007b ) . Protein sequence analysis revealed that MYB83 shares 41 % identity and 51 % similarity with MYB46 in their overall sequences and 85 % identity and 93 % similarity in their R2R3 MYB DNA binding domains ( Fig. 1E ) . Consistent with its predicted function as a transcription factor, MYB83 was shown to be targeted to the nucleus in Arabidopsis protoplasts ( Fig. 2E-J ) and it was able to activate the expression of the His3 and β -Gal reporter genes in yeast ( Fig. 2K ). These results demonstrate that MYB83 is an SND1-regulated transcriptional activator associated with secondary wall biosynthesis in fi bers and vessels.
Direct activation of MYB83 expression by SND1, NST1, NST2, VND6 and VND7
The fi nding that the expression of MYB83 is regulated by SND1 prompted us to investigate whether MYB83 is a direct target of SND1. We employed the steroid receptor-based inducible system to ascertain whether the induction of MYB83 expression by SND1 is direct. This approach has been successfully applied to identify direct targets of a number of plant transcription factors ( Sablowski and Meyerowitz 1998 , Wagner et al. 1999 , Baudry et al. 2004 , Zhong et al. 2008 . SND1 fused to the regulatory region of the human estrogen receptor (HER, Zuo et al. 2000 ) was expressed in Arabidopsis protoplasts under the control of the caulifl ower mosaic virus (CaMV) 35S promoter ( Fig. 3A ) . Without estradiol treatment, the SND1-HER chimeric protein did not induce MYB83 expression due to the retention of SND1-HER in the cytoplasm. As expected, estradiol treatment resulted in activation of MYB83 expression by SND1-HER ( Fig. 3B ). We next tested the effects of the protein synthesis inhibitor cycloheximide on the estradiol-activated induction of MYB83 expression. Inhibition of new protein synthesis by cycloheximide should not affect the estradiol-activated induction of SND1 direct targets but should block the induction of further downstream genes. It was found that cycloheximide treatment did not affect the SND1-induced expression of the MYB83 gene ( Fig. 3B ), indicating that SND1 directly activates MYB83 expression without new protein synthesis. Using the steroid receptor-based inducible system, we also found that the SND1 homologs, NST1, NST2, VND6 and VND7 were all able to induce MYB83 expression upon estradiol treatment and this induction still occurred in the presence of cycloheximide ( Fig. 3B ). Together, these ( Thompson et al. 1994 ) . The predicted R2R3 MYB DNA binding domain is underlined. Identical and similar amino acid residues are shaded with black and grey, respectively. Gaps (marked with dashes) are used to maximize the sequence alignment.
results demonstrate that MYB83 is a direct downstream target of SND1, NST1, NST2, VND6 and VND7.
Overexpression of MYB83 causes ectopic deposition of secondary walls
The results described above suggest that MYB83 is an SND1-activated transcriptional regulator potentially involved in secondary wall biosynthesis. To test this hypothesis, we examined whether MYB83 overexpression could induce the expression of secondary wall biosynthetic genes and subsequent ectopic deposition of secondary walls. The full-length MYB83 cDNA under the control of the CaMV 35S promoter was expressed in wild-type Arabidopsis plants. MYB83 overexpressors were selected ( Fig. 4A ) and found to exhibit the curly leaf phenotype ( Fig. 4B ), which is similar to that seen in overexpressors of SND1 and MYB46 ( Zhong et al. 2007a ). The curly leaf phenotype was observed in 51 out of a total of 64 transgenic plants examined. Examination of the leaf epidermis revealed that although wild-type cells had no staining for secondary wall cellulose, xylan and lignin ( Fig. 4C , D, J, K ), the walls of epidermal cells in MYB83 overexpressors were apparently thickened with cellulose, xylan and lignin ( Fig. 4E-I ). Ectopic deposition of secondary wall components was also observed in the cortical cells of the infl orescence stems of MYB83 overexpressors ( Fig. 5D-F ) compared with the wild-type stems in which secondary wall deposition was only seen in interfascicular fi bers and xylem cells ( Fig. 5A-C ) . Consistent with the observed ectopic deposition of secondary walls, gene expression analysis demonstrated that there was a signifi cant elevation in the expression of secondary wall biosynthetic genes in MYB83 overexpressors ( Fig. 6A ). These results suggest that MYB83 is involved in regulation of the biosynthetic pathways for all three major secondary wall components, cellulose, xylan and lignin.
Induction of secondary wall-associated transcription factors by MYB83
Since MYB83 is a direct downstream target of SND1, we next examined whether MYB83 induces the expression of other SND1-regulated transcription factors. It was found that MYB83 overexpression signifi cantly induced the expression of MYB42 , MYB43 , MYB52 , MYB54 , MYB63 , MYB85 and KNAT7 ( Fig. 6B ) . A slight induction of SND3 , MYB58 and MYB103 was also seen in MYB83 overexpressors. These MYB83-induced genes were also found to be upregulated by MYB46 overexpression albeit to different levels ( Fig. 6B ) . These results indicate that MYB83 and MYB46 regulate the same downstream transcription factors in the SND1-mediated transcription network controlling secondary wall biosynthesis.
Simultaneous downregulation of MYB83 and MYB46 results in a reduction in secondary wall thickening in fi bers and vessels
To further substantiate our hypothesis that MYB83 is involved in the regulation of secondary wall biosynthesis, we investigated the effects of inhibition of MYB83 functions on secondary wall deposition. RNAi inhibition or T-DNA knockout mutation of MYB83 did not cause any discernable changes in the secondary wall thickening of fi bers and vessels in the infl orescence stems, which may be due to functional redundancy of other genes. Therefore, we resorted to the dominant repression approach to investigate the functional role of MYB83 in secondary wall biosynthesis. Transgenic Arabidopsis plants expressing MYB83 fused with the dominant EAR repressor domain ( Hiratsu et al. 2004 ) had reduced growth with shorter infl orescence stems compared with the wild type ( Fig. 7A ) , which is reminiscent of the phenotype exhibited by secondary wall-defective mutants ( Zhong et al. 2005 , Pena et al. 2007 ). Examination of the cross-sections of stems revealed that the vessels were severely deformed in MYB83 repressors ( Fig. 7K, N ) compared with the wild type ( Fig. 7J, M ). In addition, the secondary wall thickness of interfascicular fi bers, xylary fi bers and vessels was signifi cantly reduced ( Fig. 7E, H , K, N ) compared with the wild type ( Fig. 7D , G, J, M, Table 1 ). These phenotypes were observed in 32 out of a total of 64 dominant repressor plants.
The fi ndings that MYB83 and MYB46 induce the expression of the same set of downstream transcription factors and RNAi inhibition or T-DNA knockout mutation of either MYB83 or MYB46 alone does not cause any reduction in secondary wall thickening suggest that they might function redundantly in the regulation of secondary wall biosynthesis. To test this hypothesis, we fi rst generated transgenic Arabidopsis plants with simultaneous RNAi inhibition of MYB83 and MYB46 ( Fig. 7C ). It was found that similar to the dominant repression of MYB83, simultaneous RNAi inhibition of MYB83 and MYB46 caused reduced growth ( Fig. 7B ), severe deformation of vessels ( Fig. 7L, O ) and reduced secondary wall thickening in interfascicular fi bers and xylary fi bers in stems ( Fig. 7F, I , L, O ). These severe phenotypes were observed in 8 out of 64 RNAi inhibition plants.
The knockdown study of MYB83 and MYB46 by the RNAi inhibition approach allowed us to reveal their redundant roles in the regulation of secondary wall biosynthesis in both fi bers and vessels. We next investigated the effects of double T-DNA knockout mutations of MYB83 and MYB46 on secondary wall thickening. To generate the double mutants, the T-DNA knockout line of MYB83 ( myb83 ) was crossed with two independent T-DNA knockout lines of MYB46 ( myb46-1 and myb46-2 ) ( Fig. 8A, B ) . Although single T-DNA knockout mutation of MYB83 or MYB46 did not cause any reductions in secondary wall thickening and plant growth, the double mutants exhibited severely retarded growth. Both myb46-1 myb83 and myb46-2 myb83 showed the same phenotypes, so only the results from myb46-1 myb83 were shown. The double mutant plants germinated but their growth was arrested after developing one to two pairs of small leaves ( Fig. 8C ) followed by wilting and subsequent death. Examination of the leaves showed that although the veins in the wild type exhibited prominent secondary wall thickening ( Fig. 9A ) , those in the double knockout mutant nearly lacked secondary wall thickening ( Fig. 9B ) . A closer examination of leaf veins revealed severely deformed vessels with no apparent wall thickening in the double knockout mutant ( Fig. 9D ) compared with the thick-walled vessels in the wild type ( Fig. 9C ) . Likewise, regular-shaped vessels with thick walls were evident in the wild-type roots ( Fig. 9E ) , whereas in the roots of the double knockout mutant no cells with thick walls were visible in the location where vessels should be present ( Fig. 9F ) . It was noted that the sizes of veins and steles in the double knockout mutant were much smaller than those in the wild type, which most likely is attributed to the arrested growth. Together with the data from dominant repression and RNAi inhibition studies, these results demonstrate that MYB83 and MYB46 are essential for the normal secondary wall thickening in vessels and fi bers and suggest that they act redundantly in the transcriptional regulation of secondary wall biosynthesis.
Discussion
The NAC domain transcription factor SND1 has previously been demonstrated to be a master switch activating a cascade of transcription factors involved in the regulation of secondary wall biosynthesis ( Zhong and Ye 2007 ) . Uncovering all the transcription factors and sorting out their interrelationships in the SND1-mediated transcriptional network is imperative in understanding the molecular mechanisms underlying the transcriptional regulation of secondary wall biosynthesis. We have previously shown that SND1 directly activates the expression of four secondary wall-associated transcription factors, including MYB46, SND3, MYB103 and KNAT7 ( Zhong et al. 2008 ) . In this report, we demonstrate that MYB83 is another direct target of SND1 and it functions redundantly with MYB46 in regulating the biosynthesis of secondary wall components, including cellulose, xylan and lignin. Our fi nding that MYB83 is another key player in the SND1-mediated transcriptional network enriches our understanding of the transcriptional control of the biosynthesis of secondary walls, the most abundant form of biomass produced by land plants.
MYB83 is a direct target of SND1 and its close homologs
We have demonstrated that MYB83 is directly activated by SND1 and its close homologs and its expression exhibits an overlapping pattern with that of SND1 and its homologs. These fi ndings identify MYB83 as another direct target of SND1 and its close homologs in addition to the four known ones, including MYB46, SND3, MYB103 and KNAT7 ( Fig. 10 ). It is interesting to note that although SND1, VND6 and VND7 have distinctive fi ber or vessel-specifi c expression patterns, their direct targets are expressed in both fi bers and vessels. Our fi ndings that MYB83 overexpression causes ectopic deposition of secondary walls and its dominant repression results in a reduction in secondary wall thickening demonstrate that MYB83 is involved in the regulation of the entire secondary wall biosynthetic program. Among the fi ve known SND1 direct targets, only MYB83 and MYB46 are capable of activating the entire biosynthetic program of secondary walls and thus they are considered to be another level of master switches controlling secondary wall biosynthesis. It is currently unknown why plants evolved to have two hierarchical levels of master controls for coordinating the expression of secondary wall biosynthetic genes.
MYB83 and MYB46 function redundantly in the transcriptional regulation of secondary wall biosynthesis
We have demonstrated that the double T-DNA knockout mutations of MYB83 and MYB46 lead to a loss of secondary walls in vessels and concomitantly an arrest in plant growth. This fi nding provides direct genetic evidence that MYB83 and MYB46 perform redundant functions in the SND1-mediated transcriptional regulation of secondary wall biosynthesis. Such a gene redundancy is common for transcription factors involved in the regulation of secondary wall biosynthesis. For example, SND1 and NST1 function redundantly in the regulation of secondary wall thickening in fi bers, whereas VND6 and VND7 function redundantly in MYB46/MYB83 RNAi 0.62 ± 0.14 0.80 ± 0.10 0.18 ± 0.06
Wall thickness was measured from transmission electron micrographs of fi bers and vessels, and the data are mean (µm) ± SE from 15 cells. the regulation of secondary wall thickening in vessels. It is possible that vascular plants evolved to have multiple genes, which could result from genome duplications or other mechanisms, to safeguard each step in the transcriptional network controlling secondary wall biosynthesis because deposition of secondary walls in vessels is essential for the survival of vascular plants.
The arrest of growth of the myb46 myb83 double mutant is most likely attributed to a lack of functional fl uid-conducting vessels due to the loss of secondary walls. This growth arrest phenotype is reminiscent of that of several other mutants defective in secondary wall biosynthesis albeit with a greater severity. For example, double knockout mutations of the Arabidopsis FRA8 and its paralog F8H , which are involved in xylan biosynthesis in secondary walls of fi bers and vessels, result in a severe decrease in secondary wall thickening and a collapse of vessels, and concomitantly stunted plant growth at the seedling stage ). Likewise, overexpression of the Arabidopsis NAC domain protein XND1 causes a loss of secondary wall thickening in vessels and a dwarfed plant phenotype ( Zhao et al. 2008 ) .
It should be noted that while the study of double knockout mutants of MYB83 and MYB46 allowed us to provide direct genetic evidence for their redundant roles in the regulation of secondary wall biosynthesis in vessels, the growth arrest of the mutant plants prevented us from investigating their redundant roles in the regulation of secondary wall biosynthesis in fi bers. However, this diffi culty was overcome by the knockdown study using the RNAi inhibition approach showing that both MYB83 and MYB46 are required for normal secondary wall thickening in fi bers, which is consistent with their expression patterns. It should be cautioned that RNAi inhibition of MYB83 and MYB46 results in impaired plant growth with a shorter infl orescence due to the collapsed vessels, which could indirectly affect secondary wall thickening in fi bers. However, previous studies on the fra1 mutant showed that reduced growth with a shorter infl orescence does not affect secondary wall thickening in fi bers ( Zhong et al. 2002 ) , indicating that there is no strict correlation between the infl orescence height and secondary wall thickening in fi bers. Since the xylem bundles in the double RNAi plants are well developed but the secondary wall thickening is severely reduced in xylary fi bers ( Fig. 7L ), we conclude that the observed secondary wall thickening defect in the fi bers of the double RNAi plants is attributed to the downregulation of MYB83 and MYB46 .
MYB83 and MYB46 were demonstrated to upregulate a subset of SND1-regulated, secondary wall-associated transcription factors ( Figs. 6B , 10 ). Among them, MYB85, MYB58 and MYB63 have previously been proved to be involved in the regulation of lignin biosynthesis ( Zhong et al. 2008 , Zhou et al. 2009 ), and MYB52, MYB54 and KNAT7 have been shown to be important for regulating secondary wall thickening in fi bers ( Zhong et al. 2008 ) . It is interesting to note that MYB83 and MYB46 also regulate the expression of other SND1 direct targets, including MYB103, KNAT7 and SND3 ( Figs. 6B , 10 ). This type of hierarchical network structure is referred to as feed-forward loop, where one transcription factor regulates another and then they together regulate their common downstream targets ( Yu and Gerstein 2006 ) . The fi nding that MYB83 and MYB46 regulate the expression of other SND1 downstream targets provides a basis for further understanding of the interrelationships of transcription factors in the SND1-mediated transcriptional network.
In summary, we have revealed that MYB83 acts redundantly with MYB46 as another level of molecular switches regulating secondary wall biosynthesis in the SND1-mediated transcriptional network. Because MYB83 or MYB46 alone is able to activate the entire secondary wall biosynthetic program, MYB83 and MYB46 can potentially be used as an important tool for manipulating the quantity of secondary walls in fi bers and wood. It has recently been proposed that burning plant lignocellullosic biomass to generate electricity for battery-driven vehicles captures more biomass energy than converting it to bioethanol and therefore, it is imperative to fi nd means to increase plant biomass yields ( Ohlrogge et al. 2009 ). Since secondary walls in the form of fi bers and wood are the most abundant biomass produced by land plants, further understanding of the transcriptional network regulating secondary wall biosynthesis will have important implications in our attempt to manipulate biomass yields in trees and other biofuel crop species.
Materials and Methods

Gene expression analysis
Total RNA from different Arabidopsis organs was isolated using a Qiagen RNA isolation kit and subjected to gene expression analysis. The seedlings used were 2 weeks old. Mature leaves were from 6-week-old plants. Mature roots were from 8-week-old plants. Stems from 6-week-old plants were divided into top, middle and bottom parts, which represent the rapidly elongating internodes, internodes near cessation of elongation and non-elongating internodes, respectively. Interfascicular fi ber cells, xylem cells and pith cells were isolated from infl orescence stems of 6-week-old Arabidopsis plants using the PALM microlaser system (PALM Microlaser Technologies) and further used for RNA isolation and subsequent gene expression analysis .
Quantitative PCR analysis was carried out using the fi rst strand cDNA as template with the QuantiTect SYBR Green PCR Kit (Clontech). The PCR primers for MYB83 are 5 ′ -ggagaataccaacgtcattgcttg-3 ′ and 5 ′ -atcgacttggaaatca agaag-3 ′ , those for MYB46 are 5 ′ -atggtatctatggagtaaacg-3 ′ and 5 ′ -tatgctttgtttgaagttgaagta-3 ′ , and those for other genes were described previously , Zhou et al. 2009 ). The relative mRNA levels were determined by normalizing the PCR threshold cycle number of each gene with that of the EF1 α reference gene. The expression level of each gene in the wild type or control was set to 1 or 100 and the data were the average of three biological replicates.
GUS reporter gene analysis
The MYB83 gene containing a 3 kb 5 ′ upstream sequence, the entire coding region and a 2 kb 3 ′ downstream sequence was used for the GUS reporter gene analysis. The GUS reporter gene was inserted in-frame right before the stop codon of the MYB83 gene and then cloned into the binary vector pBI101 (Clontech) to create the GUS reporter construct. The construct was transformed into wild-type Arabidopsis plants by Agrobacterium -mediated transformation ( Bechtold and Bouchez 1994 ) and the resulting transgenic plants were examined for GUS activity as described previously ( Zhong et al. 2005 ) .
Subcellular localization
The full-length MYB83 cDNA was fused in-frame with the yellow fl uorescent protein (YFP) cDNA and ligated between the CaMV 35S promoter and the nopaline synthase (NOS) terminator in pBI221 (Clontech). The construct was cotransfected with SND1-CFP (cyan fl uorescent protein) into Arabidopsis leaf protoplasts by PEG-mediated transfection ( Sheen 2001 ) . After 20 h incubation, the transfected protoplasts were examined for fl uorescence signals using a Leica TCs SP2 spectral confocal microscope (Leica Microsystems). Images were saved and processed with Adobe Photoshop Version 7.0 (Adobe Systems).
generation (a total of 64 plants for each construct) was used for phenotypic characterization. The phenotypes caused by overexpression, dominant repression and RNAi inhibition were examined in at least eight independent transgenic plants and the representative results were presented. T-DNA knockout mutants for MYB83 (SALK_093099C) and MYB46 (SALK-088514 and SALK_100993C) ( Fig. 8A ) were obtained from the Arabidopsis Biological Resource Center (ABRC; Columbus, OH, USA). The homozygous T-DNA insertions lines were crossed for generation of the double myb83 myb46 knockout mutants. Seventeen double knockout mutant plants were identifi ed from a total of 288 F2 plants from a cross between myb83 and myb46-1 , and 16 double knockout mutant plants were identifi ed from a total of 288 F2 plants from a cross between myb83 and myb46-2 .
Histology
Tissues were fi xed in 2 % formaldehyde and embedded in low viscosity (Spurr's) resin (Electron Microscopy Sciences) as described ( Burk et al. 2006 ) . For light microscopy, 1 µm thick sections were cut with a microtome and stained with toluidine blue. For transmission electron microscopy, 85 nm thick sections were cut, post-stained with uranyl acetate and lead citrate, and observed using a Zeiss EM 902A transmission electron microscope (Carl Zeiss). Lignin in the stems was visualized by staining 50 µm thick sections with phloroglucinol-HCl, which was shown as bright red color. For lignin autofl uorescence visualization, leaves were cleared in methanol and examined using a UV fl uorescence microscope . Secondary wall cellulose staining was carried out by incubating 1 µm thick sections with 0.01 % Calcofl uor White ( Hughes and McCully 1975 ) . Xylan was detected by using the monoclonal LM10 antibody against xylan and fl uorescein isothiocyanate-conjugated goat antirat secondary antibodies according to McCartney et al. (2005) . For each construct used for transformation, at least eight transgenic plants with representative phenotypes were examined for their wall phenotypes.
Statistical analysis
The experimental data of quantitative PCR and cell wall thickness measurement were subjected to statistical analysis using the Student's t test program ( http://www.graphpad. com/quickcalcs/ttest1.cfm ), and the quantitative difference between the two groups of data for comparison was found to be statistically signifi cant ( P < 0.001).
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